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ADSTRAGT

" Meaxurements on BaTiO, coramic were made of inverse diclectric
constant versus uniaxial s?ruln for valuos of strain ranging botweoen
«0.0043 and -0,013. The strain wax producsd in  the region behind a
shock front generated in a slab of the material by impacting it with a
flylng plate, The plate was accelerated in a gas gun. The slabz were
disks with electrodes on the flat surfaces, The normal stress produc-
ing these strains ranged hetween 8.5 and 26 kbars., The dielectric con-
stant was obtalned from oscillograms of the shock-induced depolariza-
tion current thromgh a circuit connecting the electrodes, A straight
line was fitted to the curve of inverse dielectric constant versus
strain. The slope of the line was-0,11 & 0,04, Thermodynamic theory
was used to calculute this slope assuming the materia: was in the para-
electric phase for the range of experimental shock pressures. The
calculated value was=0,13. The calculated value is in agreement with
the experimental value and the assumption that the material is in the
paraelectric phase for shock pressures botween 8.5 and 26 kbars. The
agrecment implies that the transition at approximately room temperature
is produced by a shock pressure less than or equal to about 8.5 kbars,
This is markedly different from tho experimental results for hydro-
static pressure where the transition occurs at 20 kbars at room
tempoerature, and the material is in its paraelectric phasc above 20 kbars,
In both cases the temperature is approximately room temperature. The
transition strain and shock pressure was calculated using thermodynamic
theory and assuming that the transition could be approximated as a
second order one. The result was a transition strain of -0.0044 and a
transition shock pressure of 8.6 kbars. This is consistent with the
preceding results and also supported by experimental findings by Doran
who observed a discontinuity in sound velocity at that shock pressure.




?

CONTENTS

ABSTRACT . v i. ittt ittt st e st tartarsnrresaeesd
1. INTRODUCTION. .. ioinvnirrennasanssnstsssanssrasnsatsanssarsnes?
2. THERMODYNAMIC THRORY .. eivnsnerarsnrasraransstsarsatnssnsaass®
3. THEORY OF MEASUREMENT.....vveerovronessnrastsnssonnsnnsnses 13
4. EXPERIMENTS AND RESULTS.....tit00esesrostercssnsssasserssass1B
3, COMPARISON OF THEORY AND EXPERIMENT......evtetissnsrssnsrssdl8
6., CONCLUSIONS AND DIBCUSSION.. s svssssssnvtrnssosasssssvessesedd

7. Ll’rnm.ruu CITBDOOiOroitun|clll00!00'.00ontill.l'l.ut‘.l'ttlze

ILLUSTRATIONS

Figure 1. Barium titanats ceramic disk with electrodes.........l4
Pigure 2, Cross section of disK...cietivvrorrisrioiainrsnonasse. sl
Pigure 3, Experimental measurement arrangement......seciosssee:¢l7
Figure 4. Current WavefoOrms.....ccesvereectsssssnrsnssvansenssslB

Figure 5, Plot of experimental result8.......ciisseenssscsnsee 24

TABLES

I. Results of Measurements.....c.covesvesessnassssssssssnssoas 20

II. Values of Q11, Q12, and gj; for ceramic barium titanate....21

bt 1 e em ot

s ot i e R b e T

;
i
]
§
3




1.  INTRODUCTION

Almost all solid materials undergo a yleld under sufficlently
high shock cowmpression., This yleld manifests itself as a change 1in
slope of the shock pressure versus compression curve, The pressure
at which ylelding occurs lu called the Hugoniot Elastic Limit (HEL),
and is characteristic of the particular material. When the shock
pressure is cousiderably above the HEL, the configuration of stress
and strain can generally bLe asssumed to appcoximate those produced by
hydrostatic pressure (ref 1l). A polymorphic snlid-solid tranaition,
which occurs at a shock pressure conaidarably above the HEL, can
reasonably be expected also to be produced by a hydrostatic pressure
equal in magnitude. This expectation has been verified in several
instances (ref 2-4). Below the HEL, however, the strains behind the
shock front can no longer be expected to approximate those due to
hydrostatic loading. The strain now is uniaxial, involving no plastic
flow and no molecular rearrangement (provided there is no transition),
The stresses are no. determined by the elastic stiffness coefficlents
and the requirement that the strain be uniaxial. In general, this
means that it would be coincidental if below the HEL a phase transition
produced by a certain hydrostatic pressure would also be produced by
a shock pressure of the same magnitude, since the transition pressure
depends on the relative free energy of the competing phases and the
free energy depends on the stresses and strains,

The phase transition considered in this report is the ferro-
electric-paraelectric transition in BaTi0,. The material is a ferrc-
electric with a tetragonal structure below approximately 120°C
(at atmospheric pressure) and a paraelectric material with a cubic
structure above 120°C. The material used in the experiments described
is the polycrystalline ceramic, composed of relatively small crystals
sintered together. The density is within a few percent of the crystal
density. Increasing hydrostatic pressure reduces the transition
temperature of both single crystal and ceramic at a rate of about 4°C
per kbar. This was first observed by Merz (ref 5) and has been
thoroughly investigated by Samara (ref 6)., At room temperature, the
ferroelectric-paraelectric transition occurs when a hydrostatic
pressure of 20 kbars is applied to either the ceramic or the single
crystal material (ref 6-10). The pressure at which this transition
takes place and also the slope of the inverse dielectric constant versus
hydrostatic pressure curve can be calculated from thermodynamic theory,
and the results obtained are generally in agreement witlh: the results
of the hydrostatic measurements.

In this report, both experimental measurements and calculations
are described which are analogous to those that have been made for
hydrostatic pressure. This new work, however, deals with the dependence




of the ferroelectric paraelectric transition on uniaxlal strain rather
than hydrostatic pressure, The experimental work described consists

of measurements of the inverse dielectric of the BaTiOj ceramic as

a function of unlaxial strain. The uniaxial strains are produced by
shock waves created in ceramic disks, using the impact of a flying

plate to produce the shock. To produce uniaxial strain, the shock pres-
sures are kept below the HEL of the material, which is approximately

25 kbars (ref 11,13). Temperatures behind these fronts are just slightly
above room temperature (ref 12).

The inverse dielectric constant is obtained from oscillograms of
shock-induced depolarization currents through an effective short
circuit connecting electrodes on the ceramic disk, Thermodynamic
calculations are made for the slope of the Inverse dielectric constant
versus strain and also of the transition pressure as a function of
uniaxial strain. The experimental results are in approximate agreement
with the theory. The experimental and calculated results for the shock
pressure are, however, very different from those for hydrostatic pressure,
and it is quite obvious that for the case of uniaxial strain, shock
pressure and hydrostatic pressure, 1in general, are not equivalent as
far as transitions are concerned.

There is a practical design reason for knowing at what shock
pressure ferroelectric-paraelectric transition occurs. Barium titanate
ceramics are used as plezoelectric power sources for contact fuzing.
The power is developed as a depolarization current produced by an
impact-created shock wave in ceramic. The ferroelectric-paraelectric
transition produces complete depolarization in the ceramic. Knowledge
of the shock pressure at which the transition occurs is an important
assat when designing point-contact fuzes, since the shock pressure
depends on the impact velocity and the impacting materials. Knowl-
edge of this pressure, which produces full depolarization of the
ceramic, is even more important than might first appear. There are
experiments which indicate that for strong shocks there is marked
increase in the conductivity of the ceramic element, shorting it, and
thus reducing the charge released by depolarization into an external
load (ref 14). The shock-transition pressure, therefore, is not only
the minimum-pressure for maximum-charge relesase but also a pressure
above which charge release may be exrected to decrease, As a result
maximum charge release is produced over a limited pressure ranece,

The next section describes and develops the thermodynamic theory
relevant to this report.
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2. THERMODYNAMIC THEORY

In a thermodynamic theory, the free energy is expressed as a
function of independent thermodynamic variables. Devonshire (ref 15)
has expressed the Helmholtz's free energy for the case of cubic
symmetry in terms of strains xx’ polarization P, and temperature T
as,

1 P 2 2 2 p
A(x,P,T) = 7 %11 (xx + yy + z, )+ C12(yyzz + 2% % + xxyy)

1 p .2, .2, 2 .1 2 .2, .2 2. .2, 2
+__ + —_ v [P* 4 v
2 °44(xx Yot z) t X [Px + L. + pz] + gll[xxPx + nyy + zsz]
2, .2 2, 2 2, .2
+ glzfxx(Px + Pz) +z, (Px + Pv) + yy(Pz + Px)]
r
+ 844“szsz tz PPt xyPny]’ (1)

plus terms of higher order in P. For a ferroelectric material, x" is

a linear function of temperature T; c?l, etc, are elastic stiffness
constants at constant polarization; P,, etc, are components of the
polarization; zﬁ, etc, are strains; and 811» etc, are electrostrictive
constants. The BaTiO4 ceramic considered here is macroscopically
isotropic material strained by the shock pressure in the z-direction.
The free energy is a special case of the free energy (eq 1). It isg

1

A(x,P,T) = 2

P
2,1 i 2 (2)

" =
X Pz + 2 Cllz + gllzsz.

We refer the free energy to the zero strain, zero polarization state.

The differential free energy is
dA = -SdT - Zdz_+ E dP , 3
z z z  z

S is the entropy, Z, a stress component, and E, an electric-field
component. .
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Now the inverse susceptibility at constant strain is defined

x* = /__8Ez>
\3p, :

Use of the Legendre transformation (eq 3) then gives for constant
temperature stress

2 z
S AV= x
ar3

2
Z

(4)

and we see from (eq 2) that xZ and y'" are the same. In cgs units,

z _ 4m___ _ Ar
X e -1 ’
e is the relative dielectric constant. € - 1 is approximately equal
to £, since for BaTiOz,e>>1. The slope of x“ with respect to z_is

twice the 2

N M

z 2
dx” _d /AN _
dz, ~ dz, szz/ 289" (3)

A similar expression has been obtained for the slope of the
inverse dielectric susceptibility with respect to hydrostatic
pressure, p (ref 9, 16-19). In this case,

p
T . 2:Q4y *t 20,), (6)
3p N2 12
where
= oE
xp=\ z)
\QPZJ P
and Q,, and Q,, are again electrostrictive constants. This result

is de%%ved moé% easily from the Gibbs elastic function G(X,P,T)
X represents stress components.

The g-electrostrictive constants relate the stress and square
of the polarization of a strain-free material. The Q-electrostrictive
constants relate strain to the square of the polarization. This can
be seen from equations (1) and (4). The stress component Zz

ST s i it ok




at zero strain is,

2 2 2
1.
z + glzPy + 812P

w-

_ A
ZZ B Bzz [gllp

At zero stress the strain component, zZ,, is

o2

G 2 2 2
Z = =
z
These are equations defining the electrostrictive constants. The
Q-constants may be determined directly by measuring strains prodiced
by an induced polarization. If,

P =P =0,
y X
then
z
Q= 55 &)
z
and, if Pz = 0, Px = Py’ (10
then
Z,
QIZ‘ = —20
2P
x

The Q constants are also related to the inverse susceptibility
versus pressure slope by expression (6). The Q and g constants are
related by the elastic compliances. For a cubic crystal and also
for isotropic material, the relations derived from the expressinn
for the free energy are (ref 15,20)

A P
Ut Q27 G v Py B o Zeyy

(11

and

Qy + 29, =~ sl1:’1 + 2552) (811 +28),).

The Q electrostrictive constants have been measured directly
both for ceramic and single crystals (Ref 21, 22) using relations
(9) and (10). The g 1constant can now be obtained from Q constants
using expression (11}. The 811 constaant is related to the slope of
inverse dielectric constant vérsus uniaxial strain by expression

(5.
11
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T summaey:  The xlope of the inverse dielectrie constant veraus
hydrostatic prowsure and vhe xlope ot the same quant ity versua
untaxial steain can be detormined for a paraelectric bnotropie
material freom the @, and Q v eloctroatiictive conatanty amd the
"1 ad the o vlul‘i\ \umthnnng

Tt wonld also o usetul 18 the actual trannition stratn and
the actunl transition shoek preasure could alao be predicted, For
a first order transition the inverse diectele constant veaches a
minimum at the transition with the value ltael ¢ discontinuous there,
For a second order transition the inverse diesloctric constant ia
again a mintmum at the phase transition, vanishing completely at that
point.  There ix, however, no discontinuity in the value ax the
transition pressure or strain in crossed, 1t Ix much sasior ta denl
with the case of a second order transition, Devanshive and others
have derived a relation predicting the transition pressure for the
case of hydrostatic prossure, aasuming that the ferroelectyiv-
paraelectric transition could be approximated as a xecond ovder one
although the transition in BaTiO, at atmosaphere pressuve is a €irat
order one. There ix fair anroemgnt with exporimental resulta
(ref 16-1%). The Devonshire relation ls Jderived moxt eanily from
Gibbs eclustic function, A similar relation for uniaxial strain
can alio be derived. In this case it ix most convenient to uve the
Helmholtz free ener,y. At zero strain the Curle-Welss law vesults
from equation (2) If

X" ey (7T (12)

T. is the Curle temperature. From equation (2), the inverse
siusceptibility at constant strain is

T - TC). (13)

2 32A
X = it . XO
27w,

The Curie-Heiss law is usually written in terms of the dielectric
constant e and the Curie constant C as

L. (14)
AR N

[

where

i o). stilme . ittt
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Pquatton (130 ta the Curle Netwa exproasion with \ Cadetined equal to
s 1 whonld he poainted out that equat fon N vatid wndy or
tevime of higher order than 17 i oquat ton (1) can he tgnoeedd,

Prom equatton (2, we now obtain the evpreeanion

er - X - " - Ao "~ 2 N
‘ am) ‘ ) et T Ay, LN
e,

hn
For a secomd-onder teannition, o« 0 at the tvansition.  lThevetore,
at the tevansitic .,

R KIS
t . Ll (1n)
2 d#

It we asxume that the ahift of Curie tempervature with strain ia
Jinear over the range hoetween the Curvie temperature amd room
temperature, squation (16) bhocomes a relation, giving the shitt
of Curie temperature with strain,

o THEURY 0¥ MBASURKNENT

The diclectric condtant of the ahock-compreased region which
i in a satate of uniaxial strain was obtained from records of current
veraun time. The curvent is produced by the depolaviatng effect of
the ahock wave an tt propagatza through the thickneaa of the Balloy
disk., The current woves through an effective ahort civeult, counecting
electrodes on the disk surfaces. The disk, showing electrode arrange-
ment and curvent path, ia shown in figure 1, The use of two concentric
electrodes In a guard-ring arvangement vliminates ravefaction waves
from the lateral surface., The shock front ia plane and parallel to
the electrode in the region between the front inner and the back
elactrode, The front {s a discrete atep, leas than (.2 mm thick
in 5- and 10-mm samplea, The pressure behind the ahuck front remaina
constant during the transit time of an elastic (helow the HEL shock)
front. This was verlflied, using a quartz shock gauge of the Graham
type (retr 23). The initial polarization is axially directed. Figure
2 shows the cross section in detall, We assume that condftons behind
the frount are constant during the time the shock transits the thickneas
of the disk,

13
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Figure 1. Harium titanate ceramic diak with elactrodes. (The diaka
were 3.8l cm in diameter and either 0.5 or 1 cm thick).

Expressions have been derived and reported previously for the
current through a short circult or through a reaistive load (ref 12,
26-20) .

For a wingle front and no dependence of the dielectric conatant
on the field, the current through a path ahunting the electrodes ia

§P

aa_® LtS
LA T 0T an

whure &P, is the change in polarization produced by the shock, t
the transit time of the shock wave between elactrodes, and T ia

ghe
normalized time, which is the actual time divided by the transit time
14
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of the ahoek tront, A e the slectrode area. 8 4 1 {n the ratio of
the final (ahovk-comprenssd material) to the tntttal (unmhocked)
dielectvlc vonntant,  NBecaune of the high dielectete sonatant of the
matevial, auaveptibitity and dielectrle conntant are approximately
agual excepl for a factor of 4n when cge unfte are uned, We now
valvulate the dorivative, with respect Lo the curvent, of the natural
logarithm of the curreat,

=ilc.

AT W %T Len At Al = ant 4 il + 8) = 2 en(1 4 S0, (18)
¢ ¢ ‘

l
€y € BACK
Etgg;noo: ’ / ELECTRODE

\ ?

| —
ol

b4

§| Ps
a|
|
|
Pl"6p. |

Figure 2. Cross section of disk in region of inner electrode where

plane geometry is valid. €¢ 18 the dielectric constant

of the shock-compressed region; €4 1s the initial dielectric

constant of the material before it is compressed, that is
the dielectric constant in front of the shock front; 4&p

is
S
the polarization removed by the shock compression.
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Stuce all tormw are ifndependent of + except the lanst,

...... -’ a4 + 8 ot 4,
I e e e Tn(l 4 81) w e (19)

The derivative just calculated can be obtalned from the oucilloncope
recordas of depolarization current versus time., Once it is known, §,
and consequently the ratio of Inltial to final dielectric constant,
is alwo known. The initial dielectric constant is a known value;
therefure, the dielectric constant in the shock-compressed region ia
determined.

4, EXPERIMENTS AND RESULTS

The measurements of dielectric constant versus uniaxial atrain
were made on ceramic disks 93-wt percent BaliOj, 5-wt percent CaTiOj.
They were 3,81 cm in diameter and either 0.5 or 1 cm thick. The
electrodes on the flat surtaces were of vapor-deposited gold. An
clastic (pressure below the HEL) shock front was produced in the diask
by impacting a stationary driving plate of either lecad or aluminunm,
with a gas gun accelerated plate of plexiglas , alwminum, or a
combination of plexiglass and aluwminum, The dfsk was placed against
the statlonary plate. The electrodes ware connected through a low
resistance that was eflfectively a short circuit. The arrangement is
shown in figure 3. Ilmpact velocity was measured, using photocells and
intercepted light beams. The disk was polarized to about 1 percent
of the saturation polarization of the ceramic. This minimized the
magnitude of the internal fields during the time the current pulse was
produced. The internal fields that were estimated were low enough
to avoid shifts in the dielectric constant due to field dependence.
The results thus give essentially the zero-field dielectric constant.
The current pulses were displayed on an oscilloscope and photographed;
photographic records of these current pulses are shown in fig 4,

The vertical direction is current. Time moves from left ta right.
Superimposed sine waves are calibration signals. The 5.2-kbar output
shown in figure 4 was generated by the elastic precursor wave in a
l-inch-thick aluminum plate used in place of the lead plate shown

in figure 3. The current pulse produced by the 5.2-kbar front is the
first portion of the pulse in which the slope is positive; the remaining
pulse was produced by a 60-kbar front,

The peculliar negative and positive leading spikes superimposed
on the main current pulse, generally of swayback trapezoidal form,
are due to the depolarization of surface regions in the ceramic (ref
14,27-29). They are thought to have & dielectric constant relatively

16
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independent of the strain for the values of strain involved in the
measurements and contributu little to the quantity | In 1, except in
the immediate vicinity of the spikes themselves. T

Values of uniaxial strain and shock pressure were obtained, using
standard procedures (ref 1) from particle velocity versus shock
velocity data found in the literature (ref 11, 13, 19, 25, 30). When
guarded specimens were used, d_1n i was obtained from a digital
reduction of waveforms for ab83it 10 values of x between 0.2 and 0.8 .
These were then averaged and the standard deviation of the values
averaged was calculated. There is always some slight angle (about
4' of arc) between the impacting plates. This results in a small tilt
on the moving front. The effect of tilt on the output current wave-
form is to produce a distortion of the curve form. The analysis by

‘Wittikindt (ref 24) shows that for intermediate values of T, the

difference in the slope of distorted and undistorted current wave-
forms was minim.zed. For unguarded arrangement, however, the results
are additiona’ly distorted for the larger values of 1 by rarefaction
waves originating at the lateral surfaces. All unguarded specimens
were 0.5 cm thick; when 1 = 0.2, lateral rarefactions were disturbing
about 7 percent of the area. For this reason, only qualitative results
could be obtained from the unguarded specimens. An exception was the
unguarded 26-kbar shot where a relatively higbfimpact velocity produced
a low apparent tilt,allowing a good value of S—1n 1 to be obtained
from a small value of 1. The results and some experimental details

are summarized in Tabpie 2.

5. COMPARISON OF THEORY AND EXPERIMENT

There are no direct measurements of 8 for BaTiO3 ceramic.
There 1s, however, a direct measurement of Q) due to Schmidt (ref 21)
who directly measured displacement versus polarization for a ceramic
both below and PPovezthe Curie point. He obtained a value of
Qi = 0.6 x 107" cm /dyne below the Curie point and 0.7 x 10712
cm ?dyne above the Curie point. He observed a decrease in value in
the immediate vicinity of the Curie point. Estimates of the electro-
strictive constants for the ceramic are also available, using single
crystal constants and_ averaging formulas (ref 22). These are
Q1 = 0.7 x 107*? cm 7dyne and Q, = -0.2 cif /dyne. There is also
an unpublished estimate of Q) and(gz (due to Saxe and quoted by

Schpidt, yef 21): Q = 0.64 x 102" cm 7dyne and q, = -0.138 x
10 cm /dyne. :

We can also obtain a value of le if we know the value of Q11

and also the slope of the line of inverse susceptibility versus
hydrostatic pressure in the paraelectric region. The value of axp/ap
obtained from experimental measurements of dielectric constant

versus hydrestatic pressure by Sawara (ref 10) is

19
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P

=X- = 2(Q), + 2Q;,) = 0.45 x 10712 cm?/dyne . (20)

[s34 e by

This value used in conjunction with Schmidt's value for Q,, yields
Q,,. From the literature (ref 31), we obtain values of the elastic
compliances

Sy = 8.7 x 1013 (cgs)
) (21)
8, = -2.9 x 10 13 (cps)

From the relations due to Devonshire and quoted in section 2, we have

g =-c—"° X "
11+ 28y,

Table II summarizes the various values of Q) and Q, and also
calculated values of g);.

Table II. Values of Q and Q for ceramic barium titanite
1 12 , .
and value of g calculated from these (g is dimensionless
11 11
in cgs wunits).

2 2
Qll(cm /dyne) le(cm /dyne) Source gl1
0.7 x 10712 -0.2 x 10712 Single crystal average | -0.86
_ (Jona and Shirane)
0.64 x 10712 -0.14 x 10712 | saxe ~0.86
0.70 x 10712 0.24 x 107 Y% | schmidt (above 120°C) &| -0.80

hydrostatic data

21
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The value of g,, is thus about _@, 84, The predicted value of

i
3= 2g
' .11 . -1.68
T, " s ~ 0.13 (cgs), (22)

The value obtained by fitting a straight line to the quantitative
results (between 8.5 and 26 kbars) in Table 1 is

——=- n -0,11 * 0,04 (cgs), (23)

The experimental points and fitted line are shown in figure 5. The
results from shot 1 and shot 2 were considered inadequate for reduc-

tion to numerical values of inverse dielectric constants and are dis-
cussed In the next section.

From (eq 16), the transition strain at room temperature (23°C)
is given by

-(T - TC)4ﬂ

R (24)

z

Tc is 112.5 and C = 1.5 x 10° (ref 6). On the basis of table II, we
estimate g,, = -0.84. The transition strain at room temperature is then

z, =-0.0044 ,

The elastic shock velocity in BaTiO3 is approximately 6 x 10°
cm/sec and the initial density (p,) is 5.5 gm/cm3. Using Hugoniot

relations

=pouu, (25)

pshock sP

where ug and up are shock and particle velocity and

z, = -2 (26)

we obtain the results that at the transitinn the particle velocity
up is 2600 cm/sec and the shock pressure, 8.6 kbars,
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6. CONCLUSIONS AND DISCUSSION

The agreement between the experimental and calculated value of
the slope of inverse dielectric constant versus strain for the para-
electric region suggests that in the measured region between 8.5 and
26 kbars the ceramic is in a paraelectric state,and that the transition,
therefore, occurs at a shock pressure equal to or below 8.5 kbars.
This is consistent with the calculated shock transition pressure of about
8 kbar and also the value inferred by Doran (ref 11) on the basis of his
experiments and also those of Binder. The consistency between the theory and
what are now considerable experimental results support the contention
that shock-induced ferroelectric-paraelectric transition occurs at
about 8 kbars at room temperature. This value is quite different from
the value of hydrostatic pressure producing a transition. A relation
predicting the hydrostatic transition pressure at room temperature
(ref 16-19) is

(T - TC)4n
p = (27)
Z(Q”_ + ZQIZ)C

It is analogous to the relation predicting the transition uniaxial
strain. The relation yields the results p = 17 kbars where the value
of 2(Q;; + 2Q;,) is that obtained from the slope alJap for pressures
just above the transition pressure. The slope was obtained from experi-
mental measurements of Samara (ref 10). This result is in fairly good
agreement with the transition pressure 20.1 * 0.2 (ref 9) obtained
from measurements of four samples of ceramic BaTiO3 (5-wt percent
CaTiO3) and three samples of technical grade BaTiO3, ceramic. It
should be emphasized that the effect of the calcium additive on the
transition pressure was small——the two materials exhibiting essentially
the same 20-kbar transition pressure.

It should be mentioned here that the linear relation use¢d to
calculate the strain has been assumed to hold over the full range
between the room temperature and the transition temperature. This
assumption has been experimentally verified for the case of hydrostatic
pressure (ref 6).

Examination of ¢ as a function of hydrostatic pressure (ref 6-9)
indicates clearly that at the transition pressure the value of 1l/¢
is relatively large. The results of the shock-compression measurements
as seen in figure 5 appear inconsistent with the assumption 1/¢->0 at
the transition. This inconsistency can be explailned by assuming
that the measured capacitance at a transition is the value of non-
ferroelectric capacitance layer electrically in series with the capacity
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That the restdual value of the inverse dielectriv constant at
the tvannition vesalta from an exteanesus effect o further supported
by the fact that the value of 1/ at the teansttion when praduced by
hvdvostatic pressure, In extromely sepsttive to the particulay type
v owample, Very different valuex of 1/ ave abtained for cevamic with
Sowt percent Callog additive, exsentially pure ceramic and single
ceyntals (vef 9),  The values of the alupes amd transition pressures ave,
hquvar.‘npprnxtmu!oly the xame ax would be expected in the Presonve
of a surtace layer whose dielectric conitant ix independent of preasure,

1t would have heen valuable tu determine the actual minimum in
the curve of inverse dielectrie conntant versun strain hy making
quantitative measurements in the range hetween 0 and 8 Abavsa--helow the
impltiod transition, Measurements in this vegion are difficnlt, bocause
low-impact velocities ave requived to produce low strains and low-
impact velocities produce fronts with high tilta from which it ia
difficult to obtain good values of inverse dislectric constant, The
resultas obtained in shot 1 and shot 2 were thought to bhe too Jdis-
torted relative to pulae length for reduction to gquantitative
values of inverse dielectric conatant, The positive slopes of the
wave form however clearly indicate that the inverse dielectric
conatant at these points Is greatey than the room temperaturo atmos-
pheric pressure value of 8.8 x 10 ", This ls consistent with a
minimum in the curve in the vicinity of 8 kbars,
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